Gut inflammation is characterized by mucosal recruitment of activated cells from both the innate and adaptive immune systems. In addition to immune cells, inflammation in the gut is associated with an alteration in enteric endocrine cells and various biologically active compounds produced by these cells. Although the change in enteric endocrine cells or their products is considered to be important in regulating gut physiology (motility and secretion), it is not clear whether the change plays any role in immune activation and in the regulation of gut inflammation. Due to the strategic location of enteric endocrine cells in gut mucosa, these gut hormones may play an important role in immune activation and promotion of inflammation in the gut. This review addresses the research on the interface between immune and endocrine systems in gastrointestinal (GI) pathophysiology, specifically in the context of two major products of enteric endocrine systems, namely serotonin (5-hydroxytryptamine: 5-HT) and chromogranins (Cgs), in relation to immune activation and generation of inflammation. The studies reviewed in this paper demonstrate that 5-HT activates the immune cells to produce proinflammatory mediators and by manipulating the 5-HT system it is possible to modulate gut inflammation. In the case of Cgs the scenario is more complex, as this hormone has been shown to play both proinflammatory and anti-inflammatory functions. It is also possible that interaction between 5-HT and Cgs may play a role in the modulation of immune and inflammatory responses. In addition to enhancing our understanding of immunoendocrine interaction in the gut, the data generated from the these studies may have implications in understanding the role of gut hormone in the pathogenesis of both GI and non-GI inflammatory diseases which may lead ultimately to improved therapeutic strategies in inflammatory disorders.
Introduction
The gastrointestinal (GI) tract contains the largest endocrine organ in the body. A large numbers of endocrine cells are dispersed among the epithelial cells of gut mucosa and react to changes in gut contents by releasing hormones that are, in general, targeted to other parts of the digestive system [1] . There are at least 14 different populations of enteric endocrine cells scattered throughout GI epithelia [2] . Enteric endocrine cells release various biologically active compounds such as gastrin, secretin, stomatostatin, cholecystokinin, chromogranins (Cgs) and serotonin (5-hydroxytryptamine: 5-HT) [3] [4] [5] . The hormones released from the enteric endocrine cells are important enteric mucosal signalling molecules influencing gut physiology (motor and secretory function). Alteration of endocrine cell function, particularly in the context of 5-HT, has been shown to be associated in a number of GI diseases including inflammatory bowel disease (IBD), coeliac disease, enteric infections, colon carcinoma and functional disorders such as irritable bowel syndrome (IBS) [6] [7] [8] [9] [10] [11] [12] [13] [14] . The association between alteration in the production of gut hormones from enteric endocrine cells and various GI diseases emphasizes highly the significance of these hormones in intestinal homeostasis.
Due to the strategic location of enteric endocrine cells in gut mucosa, interaction between immune and endocrine Clinical and Experimental Immunology REVIEW ARTICLE doi:10.1111/j.1365-2249.2010.04150.x systems is very likely to play an important role in immune activation in relation to gut pathology and pathophysiology in various GI disorders, including IBD. This paper reviews information on the role of two major hormones of the GI tract, namely 5-HT and Cgs, in immune activation in the context of gut inflammation and highlights its implications in understanding the pathology and pathophysiology of inflammatory disorders of the gut.
5-HT in GI tract
Enterochromaffin (EC) cells are the best-characterized GI endocrine cells, which are dispersed throughout the GI mucosa and are the main source of biogenic amine 5-HT in gut [5, 15] . EC cells have specialized microvilli that project into the lumen, and contain enzymes and transporters known to be present in the apical parts of the enterocytes [16] . EC cells function as sensors for the gut contents and respond to luminal stimuli directly via these transporters and/or indirectly by mediators from the surrounding cells [16] . The GI tract contains about 95% of the body's 5-HT, and EC cells are its main source [15, 17] . 5-HT is also found in enteric neurones, but the 5-HT amount present in enteric neurones appears very small in comparison to that present in EC cells (approximately 90% of 5-HT in EC cells and 10% in enteric neurones) [17] . EC cells release 5-HT in a regulated and calcium-dependent manner in response to various mechanical and chemical stimuli, including bacterial toxins [3] [4] [5] . EC cells synthesize 5-HT from its precursor l-tryptophan. Tryptophan hydroxylase (TPH) catalyzes the rate-limiting step in the synthesis of 5-HT from tryptophan and has been detected prominently in EC cells [18] . Recent studies show that there are two isoforms of TPH enzymes regulating 5-HT system. TPH1 is present mainly in peripheral organs such as the intestine and spleen, while TPH2 predominates in the brain stem [19, 20] . Thus 5-HT seems to be synthesized independently in peripheral tissues and neurones by two different rate-limiting TPH isoenzymes. The synthesis of 5-HT by EC cells begins by conversion of dietary tryptophan to 5-hyroxytryptophan (5-HTP) by the rate-limiting TPH1. 5-HTP is then converted to 5-HT by the enzyme l-amino acid decarboxylase. Newly produced 5-HT is packaged into granules/vesicles by the vesicular monoamine transporter 1. 5-HT is released mainly from the granules stored near the basal border of the EC cell, but studies have also identified granules near the apical membrane where release may also take place [21] . Once released, 5-HT is transported into surrounding epithelial cells by the serotonin reuptake transporter (SERT) and degraded to 5-hydroxyindoleacetic acid by monoamine oxidase A.
5-HT is released from EC cells into the blood, into the surrounding tissue and into the gut lumen and participates in various gut functions [22] . Secretion of 5-HT by EC cells can be enhanced or attenuated by the action of signalling molecules released from surrounding cells, and alteration of 5-HT release may contribute to intestinal pathophysiology. Our recent work has shown an important immunoendocrine axis in the gut, where secretory products from CD4 + T cells interact with EC cells or their precursors to enhance 5-HT production in the gut via T helper type (Th2)-based mechanisms [23] . Recently we have observed that EC cell and 5-HT responses to the same enteric infectious agent are influenced by Th1 or Th2 cytokine predominance, suggesting the importance of the immunological profile of the inflammatory response in the regulation of EC cell biology [24] . The role of the host's immune response underlying changes in EC cells and 5-HT has also been demonstrated in a number of GI infection-induced gut inflammations, which include infections with Salmonella typhimurium, rotavirus, Citrobacter rodentium, Trichuris muris, Nippostrongylus brasiliensis and Trichinella spiralis [10] [11] [12] [23] [24] [25] [26] . Thus the close proximity between EC cells and immune cells in the gut mucosa, and the recent knowledge showing that cytokines from immune cells can activate EC cell secretion, suggest that interaction between gut endocrine and immune systems may be responsible for aspects of pathophysiology in GI inflammation.
5-HT exerts a confounding range of effects in the gut, due largely to the presence of multiple receptor subtypes which are present on smooth muscle, enteric neurones and enterocytes [27, 28] . Seven types of 5-HT receptors are now identified and among these, 5-HT3 and 5-HT4 receptors are shown to play important roles in GI physiology, including motor and secretory function. The increased availability of selective 5-HT receptor agonists and antagonists has prompted numerous studies aimed at developing therapeutic agents for functional bowel disorders such as IBS. Alosetron (5-HT3 receptor antagonist) became the first agent approved by the United States Food and Drug Administration for the treatment of diarrhoea-predominant IBS. However, the drug was associated unexpectedly with ischaemic colitis and, rarely, with severe constipationinduced complications [29] . The patients diagnosed with ischaemic colitis were not at ischaemic risk, and there is no evidence of 5-HT receptor on vascular smooth muscle. The case of alosetron prompts a rethinking of our approaches to the pharmacological modulation of the 5-HT pathway and warrants more studies on 5-HT in the context of intestinal pathology and pathophysiology.
5-HT in immune activation
There is now abundant evidence to suggest that mucosal 5-HT modulates the immune response and, thus, is able potentially to influence intestinal inflammation [30] . Several serotonergic receptors have been characterized in lymphocytes, monocytes, macrophages and dendritic cells, which suggests a role of 5-HT in immune cell function [31] . The presence of EC cells in contact with, or very close proximity to, CD3
+ and CD20 + lymphocytes [32] indicates clearly the existence of interaction between EC and immune cells. 5-HT influences in vitro proliferation of lymphocytes [33] , protects natural killer (NK) cells from oxidative damage [34] and promotes the recruitment of T cells [35] . It has also been shown that 5-HT inhibits apoptosis of immune cells and contributes to chronic atopic dermatitis [36] . Exogenous 5-HT induces rapid phosphorylation of extracellular signalregulated kinase-1 and -2 (ERK1/2) and nuclear factor of kappa light polypeptide gene enhancer in B cell inhibitor, alpha (IkBa) in naive T cells. We have demonstrated recently that macrophages isolated from the peritoneal cavity of mice produced interleukin (IL)-1b via the nuclear factor kappalight-chain-enhancer of activated B cells (NFkB) pathway in response to treatment with 5-HT, implying a role of 5-HT in activation of innate immune cells and production of proinflammatory cytokines [37] . Inhibition of 5-HT-mediated activation of T cells has also been shown by preincubation with a specific 5-HT receptor antagonist, suggesting that 5-HT can also play important role in the generation of adaptive immunity [38] .
5-HT in gut inflammation
EC cells and 5-HT have been evaluated in IBD and in animal models of intestinal inflammation and data indicate that inflammation results in changes in various aspects of 5-HT signalling in the GI tract. It has become increasingly evident that interactions between the gut hormones and the immune system play an important role in the pathophysiology of IBD. Changes in the EC cell population and in 5-HT content have been reported in association with both Crohn's disease (CD) and ulcerative colitis (UC) [6, 9, 39, 40] . A study on the quality of life in IBD in remission shows that approximately 50% of patients with IBD in long-standing remission have IBS-like symptoms [41] . Psychological wellbeing and levels of anxiety and depression of these patients having IBS-like symptoms are comparable to the general population, supporting the hypothesis that transient or chronic inflammation may lead to persistent gut dysfunction. In addition, it has been shown that TPH1 mRNA levels are up-regulated in CD patients in remission who experience IBS-like symptoms [42] . As 5-HT signalling is altered in IBS, and 5-HT has been shown to possess a proinflammatory role, these observations may be related to inflammation-induced alterations in EC cells and 5-HT signalling. In addition, SERT transcription is decreased in patients with UC as well as in patients with a recent history of diverticulitis [9, 43] . These data support the notion that inflammation alters the normal 5-HT signalling cascade producing chronic IBS-like symptoms in addition to the direct effects of the inflammatory response. In addition, it has been shown recently that reduced expression of phospho-MEK, a downstream target of c-Raf, in neuroendocrine cells in the human colonic biopsies correlates with clinical responses in CD due to treatment with the antiinflammatory small molecule semapimod, suggesting that neuroendocrine cells, which are important regulators of gut physiology, may be involved in the pathogenesis of human colonic inflammation [44] . Recently it has been shown that IL-1b and bacterial products [Escherichia coli lipopolysaccharide (LPS)] stimulated 5HT secretion from EC cells via Toll-like receptor (TLR) receptor activation (TLR-4 and IL-1b) of patients suffering from CD, implying that immune-mediated alterations in 5HT production may represent a component of the pathogenesis of abnormal bowel function in CD [45] .
In the experimental models of colitis induced by trinitrobenzene sulphonic acid (TNBS), dinitrobenzenesulphonic acid (DNBS) and dextran sodium sulphate (DSS), an increase in 5-HT content has been observed [46] [47] [48] . By using the DNBS model of experimental colitis, we have shown an amelioration of colonic inflammation in monocyte chemoattractant protein-1-deficient mice in association with a reduction of EC cells [46] . Very recently it has been shown that the 5-HT3 antagonist tropisetron decreased colonic damage that was associated with decreased neutrophil infiltration, lipid peroxidation and colonic inflammatory cytokines in an acetic acid model of experimental colitis [49] . Experimental inflammation in animals induced by TNBS or infection with either T. spiralis or C. rodentium leads to down-regulation of SERT with a concomitant increase in EC cell number and/or 5-HT release, further supporting a role for 5-HT in inflammatory states [25, 26, 50] . Although these observations clearly show changes in EC cells and 5-HT during mucosal inflammation, it is unknown whether the change plays any role in regulating gut inflammation. It is very likely that the activated mucosal immune system in enteric inflammation influences 5-HT production, which subsequently plays an important role in the regulation of gut inflammation. 5-HT can regulate inflammation by acting on signalling pathways in inflammation, production of inflammatory mediators from immune cells and promoting interaction between innate and adaptive immune response.
Recently we have investigated the role of 5-HT in colonic inflammation in two different models of colitis (DSS and DNBS) using tryptophan hydroxylase1-deficient (TPH1 -/-), mice, which have significantly reduced amounts of 5-HT in gut, and in mice treated with 5-HT synthesis inhibitor parachlorophenylalanine (PCPA) [37] . Delayed onset and decreased severity of colitis were observed in TPH1 -/-mice compared to wild-type mice and in PCPA-treated mice after induction of colitis by DSS. This was associated with downregulation of macrophage infiltration and production of proinflammatory cytokines. Restoration of 5-HT amounts in TPH1 -/-mice by administration of 5-HT precursor 5-HTP enhanced the severity of DSS-induced colitis. We also observed a significant reduction in severity of colitis in TPH1 -/-mice after induction of DNBS-colitis. Our data complement the recent study published by Bischoff et al., which demonstrated that TNBS-induced colitis is increased in severity when coupled with the 5-HT-enhancing effects by knock-out of SERT gene [51] . Recent studies from our laboratory also demonstrate that dendritic cells from TPH1 -/-mice in DSS-colitis produced reduced IL-12 compared to TPH1 +/+ mice and stimulation with 5-HT restored IL-12 production from the dendritic cells from naive TPH1
-/-mice [52] . Taken together, these studies show a critical role of 5-HT in the pathogenesis of inflammation in gut by influencing proinflammatory cytokine production in experimental colitis and provide new insights into the mechanisms of gut inflammation. In a wider context, a beneficial effect with treatment with 5-HT receptor antagonist has been shown in both clinical and experimental arthritis [53] , implicating a role of 5-HT in the pathogenesis of non-GI-inflammation in addition to GI inflammation.
The chromogranin/secretogranin family
As presented above, 5-HT is present throughout the GI tract and plays an important role in the regulation of the development of gut inflammation and various physiological activities in the gut. In addition to 5-HT, enteric endocrine cells produce the granins family [40] of biologically active products, which include Cgs A/B [54] and secretogranin, which can also contribute to various GI functions including immune modulation and inflammation.
The granin family consists of single-polypeptide chains of 185-657 amino acid residues. The numerous pairs of basic amino acids indicate a potential site for cleavage by prohormone convertases PC1/3 and PC2 in the secretory granules [55] . More than 10 different proteolytic sites have been identified in the CgA. For example, proteolytic processing of CgC by PCs reveals that both PC1 and PC2 can cleave the CgC precursor at sites of pairs of dibasic amino acid to yield intermediate-sized fragments, but only PC1 was capable of producing active neuropeptide secretoneurin (CgC 154-186). Moreover, other proteases have been indentified in chromaffines granules, including the neuroendocrinespecific carboxypeptidase E/H and the Lys/Arg-amino peptidases [55] . These data suggest that Cgs might serve as a prohormone for a shorter fragment having regulatory properties [56] . In the rat and human GI tract, the presence of cell-and tissue-specific processing of CgA has been shown [57] [58] [59] , but very little is known about the functional role of Cgs in GI pathophysiology. Herein we will discuss the several data related to the role of Cgs in immune function and inflammation.
Cgs in immune activation
Due to the similarity of sequence with the cell-penetrating peptides family [60] , Cgs-derived peptides such as chromofungin (CHR, bCgA 47-66) and vasostatin-I (VS-I, bCgA 1-76) are able to penetrate into polymorphonuclear neutrophils (PMNs), inducing an extracellular calcium entry by a CaM-regulated iPLA2 pathway. This study highlights the role of CgA-derived peptides in active communication between the neuroendocrine and immune systems [61] . Keeping within the endocrine-immune context, not only can the PMN be regulated by Cgs-derived peptides, but catestatin (CAT; bCgA 344-364) stimulates chemotaxis of human peripheral blood monocytes dose-dependently, exhibiting its maximal effect at a concentration of 1 nM comparable to the established chemoattractant-formulated peptide Met-Leu-Phe (fMLP) [62] , suggesting a role of this peptide as an inflammatory mediator. In the same inflammatory context, secretoneurin reduces IL-16 release from eosinophils; this effect is in addition to that observed with granulocyte-macrophage colony-stimulating factors or IL-5. Results suggest that distinct neuropeptides are able to reduce the number of lymphocytes at inflammatory sites during existing eosinophilia by inhibiting the relaease of IL-16, thus attenuating the proinflammatory action of lymphocytes and monocytes. It has also been demonstrated that secretoneurin stimulates migration and cytokine release from human peripheral blood NK cells, implying that activation of this cell type by secretoneurin could affect the accumulation of these cells at loci of neurogenic inflammation [63] . A role for the neuropeptide on neutrophil adhesion and transmigration through a lung fibroblast barrier in vitro has also been shown [64] .
Cgs-derived peptides can not only regulate the immune system during inflammation, but can also modulate the endothelial permeability during the inflammatory process, but the actual role of Cgs and derived peptide are not really clear. CgA prevents the vascular leakage induced by tumour necrosis factor (TNF)-a in a mouse model [65] . Studies of the mechanism of action show that CgA and its NH(2)-terminal fragments inhibit TNF-a-induced vascular permeability by preventing endothelial cytoskeleton rearrangements. It has been proposed that neuronal/ endocrine secretion of CgA could contribute to the regulation of endothelial barrier function and the protection of vessels against plasma leakage in inflammatory diseases [65] . In keeping with the effects on angiogenesis induced by contact hypersensitivity reactions in mouse ears, VS-Itreated mice revealed significantly reduced oedema formation, resulting from lower plasma leakage and inhibition of inflammation-associated vascular remodelling [66] . Intravital microscopy studies of inflamed ears showed a decrease in the fraction of rolling leucocytes in VS-I-treated mice [66] .
Cgs in gut inflammation
In addition to anti-microbial activity [67] Cgs may play important role in the neuroimmune interaction in relation to inflammatory function. This review will remain focused upon the function of Cgs in inflammatory responses in the gut. Circulating CgA levels, a marker for neuroendocrine tumours including carcinoids, have recently been found elevated in some patients with IBD [68] . In this context the disease activity and TNF-a levels influence the CgA pattern, which could reflect the neuroendocrine system activation in response to inflammation [69] . In a recent letter addressed to the aforementioned study, Sidhu and collaborators [70, 71] confirmed the observation of Sciolia et al. [69] of an elevated level of CgA serum in both IBD and diarrhoea-predominant IBS patients. The unifying hypothesis proposed could be the EC cell hyperplasia producing an elevated serum CgA levels, as reported previously [72] . The differential replication of EC cells in IBS patients could also explain why elevated levels are found only in a proportion of patients, and levels decline with time. Further studies of serial serum CgA measurements in both these conditions would strengthen our understanding of the plausible mechanisms behind these observations.
In the context of experimental colitis, intrarectal injection of CAT can decrease the inflammatory markers [73] . Disease activity index, macroscopic and histological scores, as well as myeloperoxidase (MPO) activity, were decreased significantly in mice treated with CAT compared to mice that received DSS only. Treatment decreased the onset of clinical disease as assessed by loose stools, weight loss and rectal bleeding. In addition, colonic tissue levels of IL-1b, IL-6 and TNF-a were decreased significantly in mice treated with CAT. Conversely, the biochemically modified fragment had no effect on the severity of colitis. These results support the hypothesis that Cgs-derived peptides modulate intestinal inflammation in a murine model of colitis by acting directly or indirectly on the microbiota and the immune system. Identification of the molecular and cellular mechanisms underlying the protective role of this peptide may lead to a novel therapeutic option in IBD.
In addition to gut inflammation, the relation between TNF-a and CgA has been demonstrated in rheumatoid arthritis (RA), a disease well known to share some common features with IBD. Correlation between CgA and TNF receptor-I (TNFR-I) and TNFR-II has been evaluated in patients before the initiation of treatment with Infliximab® and compared it with the value calculated during treatment [74] . The authors observed a high correlation between CgA and both receptors. Moreover, they found that treatment with anti-TNF-a monoclonal antibodies (mAbs) abrogated the correlation between CgA and TNFR-I and TNFR-II, but it should be mentioned that in this study anti-TNF-a mAbs treatment did not modify the mean levels of CgA and TNFRs but led only to the abrogation of the correlation between CgA and TNFRs, implying that perhaps other indirect factors are associated in this effect. Three years later, the same group described that patients with RA have significantly higher serum levels of CgA and TNFRs compared with controls and that the highest levels of CgA identify the population of patients with extra-articular manifestations [74] .
Taken together, these results suggest that CgA might be involved in the pathogenesis of inflammatory autoimmune disease through a complex interaction with TNF-a, mediated by as yet-undefined factors. In a series of papers Metz-Boutigue's group, who have published extensively on granins, showed a link between serum concentration of CgA and outcome in patients admitted with or without systemic inflammatory response syndrome. CgA concentrations were correlated positively with inflammation markers such as procalcitonin and C-reactive protein, but also with simplified acute physiological score (SAPS). A Cox model confirmed that CgA and SAPS were independent predictors of outcome [75, 76] . In addition, a significant association has been reported between CgA level and periodontitis, again showing a close relationship between the level of CgA and the inflammatory process [77] . The hypothesis that Cgs-derived peptides are involved in mechanisms modulating altered colonic motility and
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Cgs or Cgs-derived peptides visceral pain induced by gut inflammation was tested for the first time in 2004 using an application of acetic acid (AA) in vitro and in vivo. Using the writhing test, a model of somatovisceral pain, we have demonstrated that depending upon the Cgs-derived peptides used (bCgA 4-16, 47-66), they could display pro-and anti-nocicpetive effects [78, 79] . In the context of smooth muscle contraction, Cgs-derived peptides modulate the effect of AA on human and rat smooth muscle contraction via a direct action on the calcium L-type channel or towards an indirect action through the enteric nervous system (motorneurone and type-C sensitive fibre) [80, 81] .
All these data provide proof of concept that Cgs and Cgsderived peptides seem to play an important role in the development of inflammatory pathologies, and different groups have now focused their attention upon characterizing a mechanistic explanation.
Conclusion
The studies discussed in this review provide evidence in favour of a key role of gut hormones in intestinal inflammation. In addition to the contribution in GI physiology, such as motility and secretion, gut hormones can also play an important role in immune activation and in the generation of inflammation in gut. The precise mechanisms by which gut hormones regulate the inflammation remain to be determined. The data generated from the studies on 5-HT in gut inflammation suggest strongly that increased 5-HT released by luminal inflammatory stimuli can activate immune cells such as macrophages, dendritic cells, lymphocytes and enteric nerves via specific 5-HT receptors, which can enhance the production of proinflammatory mediators via triggering activation of the NF-kB pathway and/or other possible proinflammatory signalling systems, and which subsequently can up-regulate the inflammatory response (Fig. 1 ). It will be interesting to see roles of specific 5-HT receptor subtype(s) in immune activation and generation of intestinal inflammation.
The role of Cgs in inflammation is not as clear at present, as it is with 5-HT; however, the available data suggest that it is an important and interesting area for further exploration. Cgs can interact with immune cells to increase or decrease in proinflammatory mediators such as TNF-a, IL-1b and IL-6 (Fig. 2) , depending upon the signals that initiate the inflammation, the site of inflammation and the type of peptide. It will be interesting to determine whether experimental modulation in the amount of Cgs has any effect on immune activation and the generation of inflammation in gut and in other parts of the body. In addition, it seems possible that 5-HT and Cgs systems can interact with each other in the context of inflammation. Neuroendocrine secretory protein of Mr 55 000 (NESP55), a novel member of Cgs, has been identified recently as an endogenous antagonist of the serotonergic 5-HT1B receptor subtype [82] . As alteration in the serotonergic system is considered to play an important role in inflammatory response, it is alluring to speculate that Cgs may contribute to the inflammatory mechanism by modulating the 5-HT response.
These studies provide novel information on the role of gut hormones in immune signalling and regulation of gut inflammation. Despite being a challenging and complicated area to explore, recent studies on immunoendocrine interaction has generated new interest to elucidate the role of gut hormones in the inflammatory process and immune function. In addition to enhancing our understanding on the pathogenesis of inflammatory changes, these studies give new information on 5-HT and Cgs in the context of immunoendocrine interactions in gut and intestinal homeostasis. This is very important, due not only to the alteration in enteric endocrine cells functions observed in various GI inflammatory conditions but also in non-GI inflammatory disorders and functional GI disorders such as IBS. These data may have implications in understanding the role of gut hormone in the pathogenesis of both GI and non-GI inflammation, which may lead ultimately to improved therapeutic strategies in inflammatory disorders.
